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CP violation effects of the Higgs stem from not only CP-violation interactions but
also an ambiguous defined CP state. The two CPV sources are coherently studied
based on an effective Higgs Lagrangian. The constraints from unitarity limits for
WW and ZZ scatterings are proposed to restrict Higgs couplings to weak gauge
bosons. Five interesting cases are classified in terms of CPV sources to investigate
the Higgs CP properties. The allowed ranges are shown from fitting results to the
signal strengths of the Higgs measured by ATLAS and CMS.
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I. MOTIVATION
Although much work has been done on The Boson , found in 2012 at the LHC with
a mass of about 125 GeV [1], there is no definite answer yet whether it is the Standard
Model (SM) Higgs boson or not. CP property and self-interaction are two important check
points. Compared with the latter, the former is more easy to examine in present and
coming experiments. Differing from the CP-even state in SM, The Boson can be explained
as an ambiguous CP defined state, like a mixing of a CP-even state and a CP-odd state
in the two Higgs doublet model (2HDM) [2]. It suggests a kind of CP violation (CPV)
effect. The CP mixing angle has been constrained by the Higgs experiment signal in much
of the literature [3, 4]. Additionally, the CPV effect can also arise from another source,
namely, CPV interactions beyond the SM. In Ref.[5], CPV couplings in HV V vertices (with
V = Z,W ) are required to describe the general tensor structures appearing in high energy
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2experiments. Other CPV interactions with defined CP parity Higgs are often be investigated
in terms of high dimension operators in [6, 7]. Nevertheless, two kinds of CPV effect,
ambiguous CP defined state and CPV interactions, can correct Higgs production and decay
channels measured by ATLAS and CMS, individually and coherently. The two must also be
analyzed together. Indeed, there is no reason to neglect one or other. Differing from articles
addressing a single CPV source, the purpose of this paper to present a combined analysis
of the two kinds of CPV effect in observations of The Boson , thereby providing a better
means to discriminate between the SM Higgs and beyond.
To start a general investigation, we first review a Higgs electroweak chiral effective theory
in Sec.II. The proposal in Ref.[8] is a development with a scalar Higgs from the electroweak
chiral Lagrangian in Ref.[9]. As electroweak symmetry can be broken according to many
models that go beyond the SM, such as the strong coupled Higgs model, where the La-
grangian adopts a nonlinear-realized Goldstone boson to describe electroweak symmetry
breaking. The physical Higgs after electroweak symmetry broken is only treated as a singlet
scalar. We add CPV Higgs interactions to the Lagrangian to complete it in p4 order. The
effective Higgs Lagrangian provides a larger parameter space to investigate CP properties of
The Boson . In Sec.III, we investigate the Higgs interactions with weak gauge bosons. These
couplings provide not only CP conserved vertexes but also CPV form. On the other hand,
they are consistently associated with Higgs productions and decay at the LHC. The relation
between the HV V tensor structure and low-energy coefficients of the Lagrangian is stud-
ied. Theoretical constraints are also proposed from unitarity limits in WW/ZZ scatterings.
In Sec.IV, we classify five interesting cases according to the CPV source. Five classes are
identified and we calculate the Higgs decay width into the different channels of each class.
To avoid complexity in the calculations of Higgs production, we choose the sum of signal
strengths µref =
∑
X µX as a benchmark to define H → XX relative ratios of branching
ratios Dx ≡ µx/µref . Based on this study, we fit the parameters in Higgs effective theory to
the experimental signal strength at
√
s = 8 TeV and in Sec.V give the optimal parameter
values and ranges for the different cases. Finally, a short summary is given in Sec.VI.
3II. NONLINEAR-REALIZED EFFECTIVE HIGGS LAGRANGIAN
In the section, we review the construction of a nonlinear-realized effective Higgs La-
grangian presented in [8] and generalize it to include CPV terms.
The Goldstone bosons is expressed as unitary unimodular matrices U that are associated
with the cosets of SU(2)L⊗U(1)Y /U(1)em. A physical Higgs after EW symmetry broken is
labeled by a singlet scalar h. The covariant derivatives of the Goldstone fields are written
DµU = ∂µU + ig
τa
2
W aµU − igU
τ3
2
Bµ. (1)
Here, W aµ (a = 1, 2, 3) and Bµ are SU(2)L and U(1)Y gauge fields, respectively. We adopt
SU(2)L covariant building blocks [9]
T3 = U
†τ3U, Vµ = (DµU)U †, (2)
to express the effective Higgs Lagrangian. As h is a singlet scalar, it couples to an effective
field operator O in any way (
1 +
N∑
i=1
ci
hi
Λi
)
· O. (3)
The high power of the Higgs field implies that a strongly coupled case appearing at energy
scale Λ has been recovered. The factor including the Higgs field in Eq.3 can be integrated
into a random function for h, i.e., the Higgs field h is counted as order p0. The lowest order
of the chiral Lagrangian is just that of the Higgs potential
L0 = −V (h) (4)
The details of V (h) depend on the nature of electroweak symmetry breaking. In general,
the function can be expressed as a power series in the Higgs field V (h) =
∑∞
i=2 λih
i that
includes the mass term (for i = 2) and all possible self-interactions. The next-to-leading
order is p2 for this Lagrangian,
L2 = −1
4
f 2〈VµV µ〉+ 1
4
βf 2〈TVµ〉2 + 1
2
(∂µh)
2 (5)
in which f takes the scale of spontaneous breaking for electroweak symmetry and 〈 〉 denotes
trace in the weak isospin space. The first term is the Lagrangian of the nonlinear sigma
model. The second corresponds to leading-order custodial symmetry-violating interactions.
4Because β depends on the Higgs field h, it involves interactions with the EW gauge bosons.
When neglecting the non-standard EW rotations between W 3µ and Bµ, the term yields the
HNZZ vertex with N Higgs legs. The last term in Eq.5 is the Higgs kinetic term.
The Lagrangian at p4 order can be divided into three contributions,
L4 = LK + LB + LH (6)
with kinetic term LK , interaction terms without derivatives of the Higgs LB, and those with
derivatives of the Higgs LH . The kinetic term can be expressed as
LK = −1
2
〈WµνW µν〉 − 1
4
BµνB
µν . (7)
LB has a similar form to the electroweak chiral Lagrangian in [9]
LB = 1
2
α
(0)
1 gg
′Bµν〈TW µν〉+ i
2
α
(0)
2 g
′Bµν〈T [V µ, V ν ]〉+ iα(0)3 g〈W µν [V µ, V ν ]〉
+α
(0)
4 〈VµVν〉2 + α(0)5 〈VµV µ〉2 + α(0)6 〈VµVν〉〈TV µ〉〈TV ν〉
+α
(0)
7 〈VµV µ〉〈TVν〉2 +
1
4
α
(0)
8 g
2〈TWµν〉2 + i
2
α
(0)
9 g〈TW µν〉〈T [Vµ, Vν ]〉
+
1
2
α
(0)
10 〈TV µ〉2〈TV ν〉2 + α(0)11 gµνρλ〈TVµ〉〈VνWρλ〉
+α
(0)
12 g〈TV µ〉〈V νWµν〉+ α(0)13 gg′µνρλBµν〈TWρλ〉
+α
(0)
14 g
2µνρλ〈TWµν〉〈TWρλ〉 (8)
Here, a superscript (i) attached to an α coefficients indicates the number of obvious partial
derivatives of the Higgs field. As we have mentioned, the coefficients depend on the Higgs
field h, i.e.,
α
(0)
i (h) =
∞∑
j=0
α
(0),j
i
hj
Λj
. (9)
For convenience, we omit the functional symbol and denote this as α
(0)
i . The contribution
LH with the derivatives of the Higgs field can be written as
LH = (∂µh)
{
α
(1)
1 〈TV µ〉〈VνV ν〉+ α(1)2 〈TVν〉〈V µV ν〉+ α(1)3 〈TVν〉〈T [V µ, V ν ]〉
+iα
(1)
4 g〈TVν〉〈TW µν〉+ iα(1)5 g′〈TVν〉Bµν + iα(1)6 g〈TVνW µν〉+ iα(1)7 g〈VνW µν〉
}
+µνρσ(∂µh)
{α(1)8
2
〈TVν〉〈T [Vρ, Vσ]〉+ iα(1)9 g〈TVν〉〈TWρσ〉+ iα(1)10 g′〈TVν〉Bρσ
+iα
(1)
11 g〈TVνWρσ〉+ iα(1)12 g〈VνWρσ〉
}
5+(∂µh)(∂νh)
{
α
(2)
1 〈TV µ〉〈TV ν〉+ α(2)2 〈V µV ν〉
}
+(∂µh)
2
{
α
(2)
3 〈TVν〉2 + α(2)4 〈VνV ν〉
}
+α
(3)
1 (∂µh)
2∂νh〈TV ν〉+ α(4)1 (∂µh)4 (10)
Note that five new terms corresponding to α
(1)
j for j = 8..12 that go beyond the effective
Higgs Lagrangian in ref.[8] have been added, and thus LH breaks CP.
Aside from the above bosonic contribution, the Lagrangian involving the fermionic inter-
actions can be generalized as
LF = −
∑
f=u,d,l
Y f f¯i(g
f
E + g
f
Oγ5)fh (11)
with the (family universal) SM Yukawa coupling Y f . Here, gfE (g
f
O) parameterizes the scalar
type (pseudo-scalar type) couplings beyond the SM. It is inspired from the ambiguity in the
CP property of the light Higgs that comes from the mixing of a CP-even state and a CP-odd
state in 2HDM. The SM with a CP-even scalar corresponds to having gfE = 1 and g
f
O = 0.
The effective Higgs Lagrangian describes nature in which, irrespective of the CP property,
there is no new particles with masses between that of the EW gauge bosons and of the Higgs.
It is valid for The Boson found at the LHC.
III. HV V EFFECTIVE VERTICES AND UNITARITY CONSTRAINTS
Starting from the effective Higgs Lagrangian, we can read off the full interaction vertexes.
In this section, we focus on the Higgs interaction with EW gauge bosons. From the point of
view of experiment, the interactions should include all possible tensor structures which can
be measured at colliders. The vertex function V µνHV V (V = W,Z) for HVµ(p1)Vν(p2) is taken
V µνHV V = g
(SM)
HV V
(
aV gµν + bV
pµpν
m2V
+ cV µνρλ
kρpλ
m2V
)
(12)
Here, aV rescales the SM coupling and bV and cV are the CP conserving and CP violat-
ing couplings, respectively, that depend on momenta. They are related to the effective
Lagrangian coefficients by
gSMHZZ(aZ − 1) = i
(
g2α
(1),0
4 − g′2α(1),05 +
g2
2
α
(1),0
7
)
p2
−is
2
W
Λ
(
g2α
(0),1
8 − 2g′2α(0),11
)
q1 · q2 (13)
6gSMHZZ
m2Z
bZ = −i(2g2α(1),04 − g′2α(1),05 + g2α(1),07 )
+i
s2W
Λ
(
g2α
(0),1
8 − 2g′2α(0),11
)
(14)
gSMHZZ
m2Z
cZ = −i(−2g2α(1),09 + 2g′2α(1),010 − g2α(1),012 )
+4i
s2W
Λ
(
g2α
(0),1
14 − g′2α(0),113
)
(15)
gSMHWW (aW − 1) = −
i
4
g2
(
α
(1),0
6 p · k − α(1),07 p2
)
(16)
gSMHWW
m2W
bW = − i
2
g2
(
α
(1),0
6 + α
(1),0
7
)
(17)
gSMHWW
m2W
cW =
i
2
g2α
(1),0
12 (18)
with p = q1 + q2 and k = q1 − q2. We find that aZ , bZ , and cZ stem from not only LH but
also LB. The latter is suppressed by the strong coupling scalar Λ.
In SM, WW and ZZ scattering amplitudes are quadratic divergence if only the weak
boson and photon exchange process are considered. The unitarity limit is at 1.4TeV. If our
effective theory is required to be valid at a higher energy scale Λ than 1.4TeV, The Boson field
must be responsible for unitarity recovery. At present, the fact that no other new particle
except 125GeV Higgs has been found just corresponds to the case. In general, unitarity
constraint refers to set unitarity limit to a variational Λ. Couplings aV , bV , cV depend on
a chosen Λ. It is complex situation. Now, one consider a simply case: a strict unitarity
constraint that improve unitarity limit to arbitrary energy. Hence, the HV V interaction
should be constrained by unitarity limits in the WW/ZZ scatterings amplitudes.
The Higgs exchange WW scattering amplitude under effective vertex V µνHWW in Eq. (12)
is
iMWWH /(g(SM)HWW )2 =
[
aW (a · b) + bW (a · ps)(b · ps)
m2W
]
i
p2s −m2H
×
[
aW (c · d) + bW (c · ps)(d · ps)
m2W
]
+
[
aW (a · c) + bW (a · pt)(c · pt)
m2W
] i
p2t −m2H
×
[
aW (b · d) + bW (b · pt)(d · pt)
m2W
]
+
[
aW (a · d) + bW (a · pu)(d · pu)
m2W
] i
p2u −m2H
7×
[
aW (b · c) + bW (b · pu)(c · pu)
m2W
]
(19)
Here, ps = pa + pb = pc + pd, pt = pa− kc = kd− pb, and pu = pa− kd = kc− pb. Notice that
the CPV term corresponding to cW in the vertex (12) does not contribute to the amplitude
because of the fourth order totally anti-symmetric tensor µνρσ. Expanding iMWWH in terms
of the invariant momentum s (s is equal to p2s for s-channel, p
2
t for t-channel and p
2
u for
u-channel), we find the leading-order term is of order s3,
iMWWH =
ib2W s
3
128m8W
(g
(SM)
HWW )
2(3 + cos2 θ)2 +O(s2). (20)
That is, the pµpν-type coupling in Eq. (12) involves a worse case than one in the standard
EW theory that yields only s2-order divergence when removing the SM Higgs exchange con-
tribution. To avoid the catastrophe, we must limit the vanishing of bW . The left divergence
at order s2 is similar to the SM case. We must set aW = 1 to cancel the s
2-order divergence
to recover unitarity of the WW scattering amplitude.
Similarly, we find the same results in ZZ scattering:
• cZ gives no contribution to the ZZ scattering amplitude;
• bZ is restricted to zero in order to cancel the s3-order divergence;
• aZ must take unity to cancel the remaining divergence in the ZZ scattering amplitude
without Higgs exchange.
IV. CPV EFFECTS AND LHC PHENOMENOLOGY
From Sec.II, recall the two kinds of CPV effects: one from CPV interactions and the
other from the ambiguity in the CP property of the Higgs field. The first does not depend
on a CP-even or CP-odd Higgs, but the second does. The main CPV interactions that
are related to LHC phenomenology are HZZ and HWW measured in H → WW ∗ and
H → ZZ∗ decays, respectively. They are controlled by cZ and cW in Eq.12. The parameters
related to the Higgs CP property are fermion couplings: gfE and g
f
O for f = u, d, l. A popular
idea is that The Boson is regarded as a mixed state of the light CP-even state H and CP-odd
state A in the 2HDM:
h = cos θH + sin θA (21)
8with mixing angle θ [12]. The scalar couplings then take the form gfE = cos θ, but the
pseudo-scalar couplings still need to be determined by the models. More generally, the
fermion coupling of CP-even H is not required, similar to those in SM, which relaxes the
limit for gfE. Thus, there are eight parameters describing CPV effects: cZ , cW , g
f
E, and g
f
O
(f = u, d, l).
To investigate CPV effects in detail, we classify the five classes in terms of two CPV
sources: ambiguous CP state and CPV couplings. The former can induce CPV interactions,
and the later do not vanish even if h reduces to CP-even eigenstate. Five classes are listed
as
• case 0: SM Higgs with cZ = cW = 0, gfE = 1 and gfO = 0—there is no free parameter
and no CPV effect;
• case 1: pure CP-even Higgs with gfO = 0, gfE = 1 and cZ , cW free—this is an extended
SM Higgs with anomalous HV V coupling. CPV effects only come from CP-even Higgs
interactions;
• case 2: 2HDM Higgs with cZ = cW = 0, gfE = cos θ and gfO free—the dependent
parameters are the CP mixing angle θ and three pseudo-scalar couplings gfO. The
CPV effects complete stem from CP-mixing state. CPV in the case can be transferred
to all Higgs interactions, which controlled by CP-mixing angle;
• case 3: multi-CPV Higgs only with gfE = cos θ and other parameters free—this is a
simple combination between ambiguous CP defined state and CPV couplings to EW
bosons. CPV interactions are not vanishing even if CP mixing angle tends to zero;
• case 4: the most general Higgs with all parameters free—this is an extension of case
3. Ambiguous CP defination is not required to come from CP eigenstate mixing.
These cases completely describe all possible CP properties of The Boson .
Now, let us consider the Higgs decay widths at the LHC. ATLAS and CMS have measured
signal strengths at ZZ∗,WW ∗, γγ, ττ, bb¯ decay channels. They are sensitive to different
parameters.
Under the narrow width approximation, we get the width of ΓH→V V (∗)→4l(V=Z or W)
ΓH→V V ∗→f1f2f3f4
9=
1
pi2
∫
dm21dm
2
2
mV ΓV→f1f2mV ∗ΓV (∗)→f3f4ΓH→V V ∗
[(m21 −m2V )2 +m2V Γ2V ][(m22 −m2V ∗)2 +m2V ∗Γ2V ∗ ]
. (22)
Here m1 and m2 are the virtualities for the intermediate vector bosons. ΓV (ΓV ∗) and
mV (mV ∗) are the total width and mass of V(V
∗), respectively. The Higgs decay width
to ZZ∗ (WW ∗) with HZZ (HWW ) couplings given by ref.[5] is written
ΓH→V V ∗ =
GFβ
D
√
2m3Hm
4
V pi
(4a2V (β
2 + 12m21m
2
2)m
4
V + b
2
V β
4
+32c2Vm
2
1m
2
2β
2 + 4aV bVm
2
V β
2
√
β2 + 4m21m
2
2), (23)
where D is 64(32) for V=Z(W) and the β is defined as
β =
√
(m2H − (m1 −m2)2)(m2H − (m1 +m2)2). (24)
The sequential decay widths of Z or W into fermions are
ΓZ→ff¯ =
GFm
3
Z
6
√
2pi
(v2f + a
2
f ), (25)
ΓW→fν¯f =
GFm
3
W
6
√
2pi
. (26)
Higgs di-photon decay is an important channel appearing at one-loop level. The main
contributions come from the W loop and the top loop in the SM. Because there are more
tensor structures beyond the SM, the effective HWW coupling may correct the W loop
contribution. Its result however shows that the CP violating term with µνρσ makes no
contribution because the Higgs di-photon decay conserves CP. Thus, the H → γγ amplitude
is a sum of SM-like terms with gfE rescaling and fermionic pseudo-scalar terms with g
f
O,
Γγγ =
α2g2
45pi3
( ∣∣∣∣43guEF1/2(τt) + 13gdEF1/2(τb) + F1(τW )
∣∣∣∣2 (27)
+
∣∣∣∣43guOA1/2(τt) + 13gdOA1/2(τb)
∣∣∣∣2
)
(28)
where
F1 = 2 + 3τ + 3τ(2− τ)f(τ) (29)
F1/2 = −2τ [1 + (1− τ)f(τ)] (30)
A1/2 = −2τf(τ) (31)
and τi = 4m
2
i /m
2
H [13].
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The Higgs decay to fermion pairs can be expressed as
Γff¯ =
NCGF
4
√
2pi
m2fmH(1−
4m2f
m2H
)
3
2
(
(gfE)
2 +Rf (gfO)
2
)
(32)
with QCD correction factor Rf from the scalar and pseudo-scalar decays [14].
V. FITTED RESULTS
The signal strength of pp → H → XX at the LHC has been measured by ATLAS and
CMS. In theory, the signal strength can be calculated using the narrow-width approximation
µthX =
σth(pp→ H)
σSM(pp→ H)
Γth(H → XX)
ΓSM(H → XX) . (33)
However, to calculate Higgs production channels is very complicated. To avoid the problem,
we adopt relative ratios of the branching ratios [4]
DX ≡ µX
µref
. (34)
with reference µref . Thus it only depends on relative decay widths
DthX =
Γth(H → XX)
ΓSM(H → XX)
/
Γthref
ΓSMref
. (35)
However, the signal strength of bb¯ channel, µb, is measured from the associated production
of the higgs boson and the electroweak gauge boson(W or Z)(VH), which differs from µZ
and µW that are dominated by the gluon fusion channel (ggF). The production channel will
not drop out in the retio of µb/µref if the production modes are different between them.
An alternative scheme conveniently adopted by experimental collaborations is to group five
production modes, gluon fusion(ggF), vector boson fusion(VBF), associated production with
vector bosons(VH), and associated production with top pair(ttH), into two effective modes,
ggF+ttH and VBF+VH. These combined signal strengths are calculated in paper [15] and
listed in Tab. I. Thus, two choices of reference signal strengths can be made independently.
One is the sum of all channels from µggF+V F , i.e. µref1 =
∑
X=Z,W,γ,b,τ µ
ggF+V F
X ; the other is
µref2 =
∑
X=Z,W,γ,b,τ µ
V BF+V H
X .
With the above formula, we can constrain the parameters by minimizing the χ2 function
χ2 =
∑
X=Z,W,γ,b,τ
(
DthX −DexpX
δDexpX
)2
. (36)
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TABLE I: Combined signal strength: µggF+ttH and µV BF+V H for different decay modes. V V takes
WW,ZZ.
Channel µggF+ttH µV BF+V H
V V 0.91± 0.16 1.01± 0.49
γγ 0.98± 0.28 1.72± 0.59
bb¯ −0.23± 2.86 0.97± 0.38
ττ 1.07± 0.71 0.94± 0.65
FIG. 1: Fitted result in cZ−cW plane for case 1 at 1σ (green) and 2σ (yellow). Black dot represent
the best fitted point.
Figures 1–4 show the allowed area for cases 1–4, respectively.
In Fig. 1, cZ is left more space than cW . The reason is that apart from the H → V V
decay, cW also takes part in di-photon decay to constraint it more, but cZ does not. The
same case appears in Fig. 3(a). Case 2 in Fig. 2 shows that the pseudo-scalar couplings gdO
and glO have more deviation from SM that g
u
O. However, g
u
O has more error. More details
will follow using updated LHC data.
FIG. 2: Fitted results for case 2 at 1σ (green) and 2σ (yellow) in the planes of (a) α − guO, (b)
α− gdO and (c) α− glO. Other parameters are taken from the best fit values. Black dots represent
the best fitted points.
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FIG. 3: Fitted results for case 3 at 1σ (green) and 2σ (yellow) in the planes of (a) cZ − cW , (b)
α − guO, (c) α − gdO and (d) α − glO. Other parameters are taken from best-fit values. Black dots
represent the best fitted points.
In case 4, Fig. 4(a) shows that cZ and cW almost have the same allowed areas as that in
case 3. It is not enlarged despite more free parameters. The scalar coupling of the up quark,
guE, is not sensitive to the minimum of chi-squared function, and is not plotted. The pseudo-
scalar couplings of the d-quark and leptons, gdO and g
l
O, exhibit an observable deviation to
SM in Fig. 4(b,c).
FIG. 4: Fitted results for case 4 at 1σ (green) and 2σ (yellow) in the planes of (a) cZ − cW , (b)
gdE − gdO and (c) glE − glO. Other parameters are taken from best-fit values. Black dots present the
best fitted points.
VI. SUMMARY
An Higgs effective Lagrangian is completed, which provides a complete CPV sources and
a general parameter space to describe CP properties of The Boson and helps to improve the
theoretical calculation of the Higgs signal strength. Using the effective Higgs Lagrangian,
13
we investigated two possible sources of CPV, corresponding to ambiguous CP defined state
and CPV interactions. The unitarity limit of WW and ZZ scatterings only requires bV to
vanish and keeps cV independent. By fitting signal strengths of the Higgs, the pseudo-scalar
coupling gfO and anomalous coupling cZ obviously exhibit deviations to the SM results. The
allowed area of cZ is not noticeably larger when more free parameters are included from
cases 1 through 4. All cases have shown that there are a abundant parameter space, even
if unitarity limit is severely set to arbitrary large energy. So, the two kinds of CPV from
ambiguous CP definition and anomalous couplings can coexist. Even under These results
come from an imprecise signal strength, which will be improved at the updated LHC in the
near future.
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